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Introduction 52 53
Dispersant application is an oil spill response technique that permits the transfer of the oil 54 slick from the surface to the water column. When applied on an oil slick, the chemical 55 formulation of the dispersant (surface active agent) induces the formation of oil-surfactant 56 micelles. In offshore areas, dispersion shows many advantages since it accelerates the 57 bacterial degradation of petroleum (Tiehm, 1994; Churchill et al., 1995) , reduces the chance 58 of drifting of the oil slick to the shoreline and also limits the risk of contamination to the 59 surface occupying organisms (e.g. seabirds, marine mammals). However, when the oil spill 60 site is in a nearshore area or if an oil slick reaches the coast (as observed recently in the Deep 61
Water Horizon oil spill), slick dispersion is prohibited (Chapman et al., 2007) . This 62 environmental precautionary principle is based (i) on the low dilution potential of the oil slick 63 in the shallow waters of nearshore areas and (ii) on the ecological sensitivity of nearshore 64 areas since they are nurseries for many fish species (Martinho et al., 2007) . On the other hand, 65 a field study conducted by Baca et al. (2006) , but only applicable to nearshore mangroves, 66 seagrass and coral ecosystems, revealed a positive net environmental benefit of dispersant 67 application in nearshore areas. Thus, with regards to the precautionary principle and the recent 68 results of field studies, dispersant application in nearshore areas seems to be a controversial 69 response technique. In this context, in order to contribute to dispersant use policies in 70 nearshore areas, an on-going project is being conducted: the DISCOBIOL project (DISpersant 71 and response techniques for COastal areas; BIOLogical assessment and contributions to the 72 regulation). This study is part of this project and intended to assess the toxicity of a 73 chemically dispersed oil. can be induced within 2 hours (Cormack, 1977) or during a period of more than 1 week, as 80 observed during the Braer oil spill (Lunel, 1995) . In this context, our experimental approach 81 was conducted in order to evaluate the actual toxicity of a chemically dispersed oil treatment 82 containing oil droplets. Toxicity was measured through the assessment of biomarkers in a 83 target organ of a pelagic fish species. 84
Oxidative stress and antioxidant defences were considered as suitable biomarkers since they 85 have been shown in many studies to respond to petroleum contamination and especially to the 86 In our study, oxidative stress and antioxidant defences were assessed by evaluating lipid 94 peroxidation (a marker of lipid degradation due to oxidative stress) and evaluating the 95 response of antioxidant enzymatic activities (catalase, superoxide dismutase and glutathione 96 peroxidase), respectively. 97 Additionally, total glutathione was measured taking into account the importance of the 98 cellular status of this molecule for the defence of the organism against xenobiotics (Maracine 99 and Segner, 1998). Indeed, glutathione is implied in many cellular defence mechanisms such 100 as (i) antioxidant defences, by its conjugation to reactive oxygen species (Amiard-Triquet and 101 its conjugation to xenobiotics such as PAH (van der Oost et al., 2003) . In our study, we 104 evaluated the glutathione status through the measurement of the total glutathione content 105 which is the sum of the oxidized and the reduced form of this molecule. 106
These biomarkers were assessed in fish gills, taking into account their target organ status: 107 several studies have shown an effect of petroleum compounds on gills (McKeown, 1981 (Figure 1 ) 157
158
The experimental system (also described in Milinkovitch et al., 2011) comprised five 300-L 159 seawater tanks. Each one contains a funnel (a, at the surface) linked to a Johnson L450 water 160 pump (b, at the bottom of the tank). After 24 h homogenization, this system was set up to 161 maintain a mixture of oil and dispersant as a homogenous solution despite the hydrophobic 162 character of the oil (preliminary tests not shown). The temperature in this static water system 163 was controlled using two heaters (RENA CAL 300) so that the exposure temperature was 164 15.3 ± 0.3 °C (mean ± standard error mean). Other physico-chemical parameters were also 165 measured: seawater was free of nitrate and nitrite, pH (7.99 ± 0.03) and dissolved oxygen (98 166 ± 5%) remained constant throughout the study. 167 of oil (WSF), a 20 g oil slick was contained using a plastic cylinder (21 cm diameter) placed 177 on the surface of the seawater (in addition to the funnel and the pump, which were kept to 178 maintain the same level of agitation of the seawater as for other treatments). Readers must 179 take into account that the spreading of the oil slick was not prevented by the plastic cylinder 180 since the oil slick was smaller than the diameter of the plastic cylinder. Thereby the 181 experimental approach simulates the actual spreading behaviour of oil at sea. During the 182 entire exposure period, the oil slick remained at the surface without mixing. No droplet was 183 observed in the water column (visual observations) suggesting that the fish were only exposed 184 to the soluble fraction of the oil. 185
While the solutions remained homogenous (less than 5 % difference between three TPH 186 concentration measurements sampled at three differents depths in the experimental tanks), no 187 fish were exposed for 24 hours after making up the solutions. Then, groups of 10 fish were 188 randomly distributed in the five experimental tanks, each tank containing an exposure media 189 (described above). The fish were exposed for 48 h (from T=0 h to T=48 h). The TPH concentration, which is the sum of the dissolved hydrocarbon concentrations plus 204 the amount of oil droplets, was measured for all treatments at the beginning (T=0 h) and at the 205 end of fish exposure (T=48 h), using the mean of three replicated measurements for each time 206
point. The samples were extracted with 10 mL of dichloromethane (Carlo Erba Reactifs, 207 SDS). After separation of the organic and aqueous phases, water was extracted two additional 208 times with the same volume of dichloromethane (2 x 10 mL). The combined extracts were 209 dried on anhydrous sulphate and then analysed using a UV spectrophotometer (UV-Vis 210 spectrophometer, Unicam, France) at 390 nm, as described by Fusey and Oudot (1976) . (Figure 4) . With regards to SOD activity, 327 the lack of significance could be due to the high intragroup variability. With regards to GPx, 328 the enzymatic activity seemed to be higher in the CD treatment than in the other treatments. 329
No correlation was found between the enzymatic activities and fixed wavelength fluorescence 330 intensity (P>0.05). There was no significant difference in LPO (Figure 5 ) between the five 331 treatments (P>0.05) and no correlation was found between LPO and the fixed wavelength 332 fluorescence intensities (P>0.05). 333 334
Discussion 335 336
The aim of this study was to evaluate the toxicity of dispersant application. Through an 337 experimental approach, several scenarios occurring during an oil spill were considered and 338 their toxicity was evaluated. Five exposure treatments were conducted: (i) a control treatment 339 with only seawater, (ii) a chemically dispersed oil treatment simulating, in situ, dispersant 340 application on an oil slick under mixing processes, (iii) dispersant alone in seawater as an 341 internal control of CD, (iv) a mechanically dispersed oil simulating only the effect of mixing 342 processes on the oil slick and (v) a water-soluble fraction of oil simulating contamination due 343 to an undispersed oil slick. 344
Given observations at oil spill sites (such as during the Braer oil spill, Lunel et al., 1995) and 345 the natural mixing processes in nearshore areas (e.g. waves), the presence of oil droplets in 346 the water column seems to be relevant when evaluating the toxicity of dispersant application 347 in nearshore areas. Thus, the experimental system was devised to maintain oil droplets in the 348 water column throughout the course of exposure. 349 Scotland coast. The cargo released 86 000 t of Gullfaks crude oil which were naturally 363 dispersed due to severe wind conditions (Force 6 to 10). 364
Braer oil spill shows that, in nearshore areas, meteorological conditions could induce 365 dispersion of the oil slick during a period of more than one week. However, at most oil spill 366 sites in offshore areas, a decrease in concentration is observed over a 2 to 5 h period (Lessard 367 and Demarco, 2000) . Situated between these two scenarios, our experimental approach 368 showed a decrease in TPH concentration over a 48 h period. Our observations suggest that 369 this decrease is mainly due to petroleum adherence to the experimental system. This 370 phenomenon of adherence to the experimental system simulates the adherence to the substrate 371 proportion of the petroleum (in particular at T = 48 h), fish were not directly exposed to this 375 fraction of the petroleum since (i) pelagic fish species, such as golden grey mullets, should 376 only be exposed to petroleum present in the water column; (ii) in our study, most of the 377 adhered petroleum was present in the funnel, for which fish do not have access. (1999) . Whatever the physiological mechanism implicated, this 416 study shows that dispersant application induced a depletion of glutathione, which is the first 417 line cellular defence involved in many detoxification processes (Maracine and Segner, 1998) . 418 Thereby, the chemical dispersion of an oil slick decreases the potential of fish to cope with 419 contaminated environments. 420
On the contrary, when compared to the MD treatment, the CD treatment did not induce a 421 significant decrease in the total glutathione content in the gills, suggesting that, even when the 422 oil slick is mechanically dispersed (e.g. due to meteorological conditions), the application of 423 dispersant does not significantly decrease the potential of the organism to cope with its 424 environment. 425 glutathione content in the gills. However no correlation was found between naphthalene-427 derived metabolites and total glutathione content. Taken together, these results suggest that 428 glutathione depletion arises due to exposure to heavy PAH whereas light PAH would not be 429 involved in the observed decrease in glutathione. 430
In Milinkovitch et al. (2011) , a similar experimental approach was conducted with the same 431 exposure treatments as described in this study (C, CD, MD, WSF, D). The total glutathione 432 content in fish liver was evaluated and appeared to follow the same pattern as the total 433 glutathione content in gills (exposed in this study): CD treatment induced a significant 434 decrease of total glutathione when compared to control treatment; and no significant 435 difference was observed between CD and MD treatments. However, no significant difference 436 was observed concerning the liver total glutathione content between WSF and CD exposure 437 whereas, in the present study, when studying the fish gills, a significant difference was 438 observed between these both conditions. This finding shows that, evaluating dispersant 439 application toxicity, gill seems to be a more sensitive target organ than liver. This relevant 440 sensitivity of gills could be due to the fact that gills are target organs immediately in contact 441 with the external environment and thereby immediately in contact with pollutants presents in 442 the water column. 443 
